The few antibodies that can potently neutralize human immunodeficiency virus type 1 (HIV-1) recognize the limited number of envelope glycoprotein epitopes exposed on infectious virions. These native envelope glycoprotein complexes comprise three gp120 subunits noncovalently and weakly associated with three gp41 moieties. The individual subunits induce neutralizing antibodies inefficiently but raise many nonneutralizing antibodies. Consequently, recombinant envelope glycoproteins do not elicit strong antiviral antibody responses, particularly against primary HIV-1 isolates. To try to develop recombinant proteins that are better antigenic mimics of the native envelope glycoprotein complex, we have introduced a disulfide bond between the C-terminal region of gp120 and the immunodominant segment of the gp41 ectodomain. The resulting gp140 protein is processed efficiently, producing a properly folded envelope glycoprotein complex. The association of gp120 with gp41 is now stabilized by the supplementary intermolecular disulfide bond, which forms with approximately 50% efficiency. The gp140 protein has antigenic properties which resemble those of the virionassociated complex. This type of gp140 protein may be worth evaluating for immunogenicity as a component of a multivalent HIV-1 vaccine.
The urgent need for an effective vaccine against human immunodeficiency virus type 1 (HIV-1) is undoubted, for only by vaccination will the worldwide spread of AIDS be stemmed (44, 46, 62) . Although there is not yet universal consensus on what components will be needed in a vaccine that is able to induce protective immunity against HIV-1 infection or disease, a popular view is that both the humoral and the cellular arms of the human immune system should be efficiently stimulated (12-14, 43, 44, 46, 57, 64, 94) . To do this will probably require the creation of a multivalent vaccine that incorporates several categories of immunogen, each intended to optimally evoke different, necessary immune responses. Examples would be a live recombinant virus or a DNA vector to stimulate cellular immunity, combined with a subunit protein to generate antibody responses (4, 5, 32, 93) .
There has, arguably, been more progress with evoking HIV-1-specific cellular immunity than humoral immunity in recent years, although some new concepts relating to neutralizingantibody induction that merit continued evaluation have recently been described (18, 52, 81, 90, 103) . The most widely tried method of neutralizing-antibody induction, i.e., that involving recombinant monomeric gp120 proteins, has not been successful at inducing antibodies able to neutralize heterologous primary isolates at significant titers (4, 5, 22, 40, 58, 59, 81, 111, 120) . This raises serious questions about the protective efficacy of vaccines that include such proteins, either alone or in combination with other immunogens (14) . One of the major obstacles to neutralizing-antibody induction is the inherent resistance of primary HIV-1 isolates to such antibodies (10, 12, 13, 58, 59, 64, 66-68, 80, 81, 102, 107, 112, 120) , a feature that HIV-1 shares with other lentiviruses and one which is probably necessary for viral persistence in vivo (3, 23, 65) . The native HIV-1 envelope glycoprotein complex on virions, a heterotrimer containing three gp120 proteins noncovalently associated with three gp41 moieties, is recognized poorly by antibodies that efficiently bind to the individual gp120 and gp41 subunits (51, 66, 81, 98, 102, 122) .
Notwithstanding the natural defenses used by HIV-1 to resist or evade humoral immunity, proteins which faithfully represent the antigenic structure of the virion-associated envelope glycoprotein complex may be worth evaluating as vaccine immunogens. For instance, the three most potent HIV-1 neutralizing antibodies yet identified, immunoglobulin b12 (IgG1b12), 2G12, and 2F5, have a high affinity for the native trimer which is comparable to or sometimes greater than their affinity for the individual gp120 or gp41 subunits (15, 34, 77, 92, 96, 98, 102, 109) . These antibodies may therefore have been raised by an immune response to virions rather than to viral debris or dissociated subunits (13, 68, 80, 81) .
The lability of the noncovalent interaction between gp120 and gp41, which causes extensive gp120 dissociation from virions or virus-infected cells (38, 61, 70, 87) , is a major obstacle to making stable recombinant, oligomeric envelope glycoproteins. Initial attempts at making stable oligomers therefore involved the introduction of mutations to remove or replace the gp120-gp41 cleavage recognition sequence (6, (27) (28) (29) . Usually, such proteins are also truncated N-terminal to the trans-membrane-spanning region of gp41, so that they are efficiently secreted as soluble proteins (the internal segment of gp41 is of limited relevance for induction of humoral immune responses). A broadly similar nonrecombinant protein was isolated from a virus-infected cell line (110) . The resulting proteins (gp140s) contain the gp120 moiety linked to the 20-kDa gp41 ectodomain by a peptide bond between the C terminus of gp120 and the N terminus of gp41, which is not present in the virion-associated complex. Although these uncleaved gp140 proteins (designated gp140 UNC ) are oligomerized by strong, noncovalent intermolecular interactions between gp41 subunits (19, 101, 116) , it is questionable whether they truly mimic the native envelope glycoprotein complex. Thus, epitopes are exposed on gp140 UNC proteins that are not accessible on virions (27, 28) , and there are indications that coreceptor interactions of gp140 UNC proteins are inefficient (31) . Together, these observations imply that a structural perturbation is caused to the gp120 component by the covalently attached, improperly associated gp41 ectodomain (31) . For whatever reason, immunogenicity studies carried out to date with gp140 UNC proteins have not been particularly encouraging, in that primary virus-neutralizing antibodies have not been induced (27, 90, 110) .
We have therefore pursued a different approach: the expression of gp140 proteins with the natural gp120-gp41 cleavage site preserved but with a disulfide bond introduced between gp120 and the gp41 ectodomain to stabilize the association of these two subunits. We report here on the antigenic properties of such a gp140 protein.
plate. At 1 day posttransfection, the medium was changed to Dulbecco's modified Eagle's medium supplemented with 0.2% bovine serum albumin, penicillin, streptomycin and L-glutamine. For radioimmunoprecipitation analysis (RIPA), [ 35 
S]cysteine and [
35 S]methionine (200 Ci per plate; Amersham International PLC) were added for 24 h. The culture supernatants were then cleared of debris by centrifugation before addition of concentrated RIPA buffer to adjust the composition to 50 mM Tris-HCl-150 mM NaCl-1 mM EDTA (pH 7.2). Envelope glycoproteins were immunoprecipitated with monoclonal antibodies (MAbs) to a variety of epitopes. In some instances, the MAbs had been labeled with biotin (42) . The MAbs were added in a 1-ml volume for 10 min at room temperature and then precipitated by incubation overnight at 4°C with either streptavidin-coated agarose beads (Vector Laboratories) or protein G-coated agarose beads (Pierce Inc.), as appropriate. The beads were washed three times with RIPA buffer containing 1% Nonidet P-40 detergent, and then the proteins were eluted by heating at 100°C for 5 min in 60 l of polyacrylamide gel electrophoresis (PAGE) buffer supplemented with 2% sodium dodecyl sulfate (SDS) and, when indicated, 100 mM dithiothreitol (DTT). The immunoprecipitates were fractionated by SDS-PAGE (8% polyacrylamide) at 200 V for 1 h. Unless otherwise specified (e.g., see Fig. 2 and 10 ), the amounts of immunoprecipitated envelope glycoproteins loaded onto each lane were comparable, in that fixed numbers of cells were transfected with the same amount of plasmid and then a constant volume of supernatant was precipitated with a standard amount of MAb. The gels were dried and exposed to a phosphor screen. The positions of the radiolabeled proteins were determined by using a PhosphorImager with ImageQuant software (Molecular Dynamics Inc.).
MAbs to HIV-1 envelope glycoprotein epitopes, and sCD4. The epitopes for, and some immunochemical properties of, anti-gp120 MAbs from various donors have been described previously (9, 71, 72) . These include 19b and 83.1 to the V3 loop (74, 118) , IgG1b12 and F91 to the CD4 binding site (CD4bs) (15, 72) , 2G12 to a unique C3-V4 glycan-dependent epitope (108, 109) , M90 to the C1 region (113), 23A and sheep antibody D7324 to the C5 region (69, 72) , C11 to a discontinuous C1-C5 epitope (75) , 17b to a CD4-inducible epitope (9, 47, 72, 91, 103, 105, 122, 123) , A32 to a CD4-inducible C1-C4 epitope (72, 103) , and G3-519 and G3-42 to C4 and C4/V3 epitopes, respectively (72, 73) . MAbs to gp41 epitopes included 7B2 to epitope cluster I (a gift from James Robinson); 4D4 to cluster I (11); T4, an oligomer-specific MAb overlapping the cluster I region (28); 2.2B to cluster II (a gift from James Robinson); T15G1 to cluster II (a gift from Ab Notkins); and 2F5 to a neutralizing epitope encompassing residues 653 to 659 (11, 77, 108) . The tetrameric CD4-IgG2 and monomeric soluble CD4 (sCD4) molecules, from Progenics Pharmaceuticals Inc., have also been described previously (2) .
Quantitation of gp120 and gp140 proteins by ELISA. To measure the secretion of gp120 and gp140 proteins from transfected 293T cells, we used a gp120 antigen capture enzyme-linked immunosorbent assay (ELISA) based on one that has been described previously (7, 69, 71) . Briefly, envelope glycoproteins in the culture supernatants were denatured and reduced by boiling with 1% SDS and 50 mM DTT. Purified monomeric JR-FL gp120 treated in the same way was used as a reference standard for gp120 expression (106) . The denatured proteins were captured on plastic by sheep antibody D7324, which was raised to the continuous sequence APTKAKRRVVQREKR at the C terminus of gp120. Bound envelope glycoproteins were detected by using a mixture of MAbs B12 and B13 against epitopes exposed on denatured gp120 (1, 71) . This assay allows the efficient detection of both gp120 and any gp140 molecules in which the peptide bond between gp120 and the gp140 ectodomain is still intact (71, 106) .
Sucrose velocity gradient centrifugation. Culture supernatants from env-transfected 293T cells were concentrated by 100-fold on Millipore concentrators, and then a 100-l aliquot was layered onto a 5 to 20% sucrose step gradient of 8.8 ml comprising 11 steps of 800 l each. The gradient was overlaid to bring the volume up to 12 ml and then centrifuged for 20 h at 40,000 ϫ g in an SW41Ti rotor at 4°C. Gradient fractions of 500 l taken sequentially from the top were immunoprecipitated with MAb 2G12, boiled with SDS, and analyzed by SDS-PAGE.
Gel filtration analysis. Culture supernatants from 35 S-labeled env-transfected 293T cells were concentrated 100-fold on Millipore concentrators. A 100-l aliquot of the concentrate was loaded onto fast protein liquid chromatography Superdex 200 HR 10/30 column (Pharmacia, Piscataway, N.J.), equilibrated with Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline. The column was eluted at a flow rate of 0.4 ml/min, and 0.25-ml fractions were collected. Identical fractions from four runs were pooled and immunoprecipitated with MAb 2G12 as described above. Comparison of the envelope glycoprotein elution profiles with those of known protein standards allowed an approximate assessment of molecular weights.
RESULTS
Wild-type gp140 is incompletely processed by cellular proteases. We chose to use the HIV-1 JR-FL strain (subtype B) as our template for studies of the antigenic structure of oligomerized envelope glycoproteins. Several reasons underlay this choice: (i) HIV-1 JR-FL is a primary R5 isolate with a typical neutralization resistance profile and so is representative of the most commonly transmitted HIV-1 strains (34, 107); (ii) it is a molecularly cloned virus with a well-characterized env gene (50); (iii) we have previously expressed the gp120 monomer protein from HIV-1 JR-FL (106); and (iv) we have already studied the MAb reactivity profiles of the JR-FL gp120 monomer and cell surface-expressed gp120/gp140 complex and so are familiar with their antigenic properties (34, 35, 106) .
To gain experience with the gp140 form of the JR-FL envelope glycoprotein, we expressed a protein which had the natural cleavage site between gp120 and gp41 maintained intact (gp140 WT ). In common with all the mutants that we subsequently describe, the gp140 WT protein has the gp41 moiety truncated close to the transmembrane-spanning region, so that it contains both gp120 and the gp41 ectodomain (gp41 ECTO ) (Fig. 1) . When we expressed the gp140 WT construct in 293T cells by transient transfection, we could detect envelope glycoproteins in the supernatants at between 100 and 500 ng per ml by using an antigen-capture ELISA that recognizes both gp120 and gp140 proteins after they have been deliberately denatured. When the culture supernatants were immunoprecipitated with various anti-gp120 antibodies and then subjected to denaturing SDS-PAGE analysis, two bands appeared consistently on the gels. The results of one such immunoprecipitation experiment, with the 2G12 MAb as the precipitating antibody, are shown in Fig. 2 . Although higher-molecular-mass aggregates were also present, two discrete bands can be seen; one of these, which we assumed to be free gp120, migrated at 120 kDa, and the other ran at 140 kDa (Fig. 2, lane 1) . This latter protein migrated identically to a gp140 protein that we had mutated in the gp120-gp41 cleavage site (gp140 UNC ) (lane 3).
We reasoned that the 140-kDa band produced during expression of the gp140 WT construct in transient transfections most probably arises because the host cell proteases of the furin family only incompletely cleave the scissile peptide bond between gp120 and the gp41 ectodomain. This could occur because the proteases are saturated by the large amount of gp140 expressed during a transient-transfection procedure. We therefore cotransfected a furin-encoding plasmid with the gp140 WT -expressing plasmid, since such a procedure has been shown to increase the proteolytic processing of Ebola virus envelope glycoproteins (114) .
In the presence of exogenous furin, the gp140 WT protein was completely processed into its gp120 and gp41 ECTO components (Fig. 2, lane 2 ). Of these, only the gp120 band is clearly visible on SDS-PAGE gels after immunoprecipitation; this is probably because the hydrophobic fusion peptide causes the 20-kDa gp41 ectodomain to self-aggregate when it is not bound to gp120. In contrast to gp140 WT , the gp140 UNC mutant was unaffected by the cotransfection of endogenous furin, still giving rise to only a single 140-kDa band in immunoprecipitates, because the cleavage site for furin proteases has been eliminated by mutation (lane 4). Furin cotransfection did, however, The SOS gp140 protein, a proteolytically processed gp140 stabilized by an intermolecular disulfide bond. (E) Native, virion-associated gp120-gp41 trimer. The topologies of these proteins are inferred from previous reports cited in the text and from studies described in this paper. The shading of the gp140 UNC protein (C) indicates the major antibody-accessible regions that are poorly or not exposed on the SOS gp140 protein or on the native gp120-gp41 trimer. The trimeric state of the SOS gp140 protein (D) has not yet been confirmed experimentally.
FIG. 2.
Cotransfection of furin increases the efficiency of cleavage of the peptide bond between gp120 and gp41. 293T cells were transfected with DNA expressing the HIV-1 JR-FL gp140 WT or gp140 UNC (gp120-gp41 cleavage site mutant) proteins, in the presence or absence of a cotransfected furin-expressing plasmid. The 35 S-labeled envelope glycoproteins secreted from the cells were immunoprecipitated with the anti-gp120 MAb 2G12, boiled with SDS, and analyzed by SDS-PAGE. Lanes: 1, gp140 WT (gp140/gp120 doublet); 2, gp140 WT plus furin (gp120 only); 3, gp140 UNC (gp140 only); 4, gp140 UNC plus furin (gp140 only). The approximate molecular masses, in kilodaltons, of the major species are recorded on the left, as are higher-molecular-mass aggregates. Only one-fifth of the immunoprecipitated proteins from the transfections shown in lanes 1 and 3 were loaded onto the gel, to ensure that the amounts of envelope glycoproteins analyzed in each lane were approximately comparable.
reduce by approximately fivefold the overall secretion of HIV-1 JR-FL envelope glycoproteins, as judged by the results of immunoprecipitations with polyclonal sera pooled from HIV-1-infected individuals (data not shown). This may be due to competition between the gp140-and furin-expressing plasmids for transcription or translation. We therefore adjusted the volume of supernatant used in each immunoprecipitation procedure with MAbs, to ensure that the total amounts of envelope glycoproteins present were comparable.
The above results confirm our assumption that the 140-kDa band obtained when the gp140 WT protein is expressed in the absence of exogenous furin arises because of incomplete proteolytic cleavage of the peptide bond between gp120 and the gp140 ectodomain. We therefore designate this noncleaved gp140 protein gp140 NON (Fig. 1) . Another feature of furin cotransfection was that it eliminated the production of the high molecular weight aggregates that were visible in immunoprecipitates of both the gp140 WT and gp140 UNC proteins (Fig. 2 , compare lane 2 with lanes 1, 3, and 4). When furin is cotransfected, the gp41 ectodomains cleaved off the gp120 subunits presumably still aggregate but are not precipitated by antigp120 antibodies.
Stabilization of the gp120-gp41 interaction by introduction of double cysteine substitutions. With furin cotransfection, we could now express a soluble gp140 protein in which the gp120 and gp41 ECTO components were associated only through a noncovalent linkage, mimicking what occurs in the native trimeric envelope glycoprotein complex on virions. However, the natural, noncovalent association between gp120 and gp41 is weak, leading to the gradual shedding of gp120 from virions and the surface of infected cells (38, 61, 70, 87) . In practice, an unstable gp120-gp41 ECTO complex is unlikely to be useful for vaccination purposes; it would, for example, be difficult to purify. We therefore sought ways to stabilize the gp120-gp41 interaction by the introduction of an intermolecular disulfide bond between the gp120 and gp41 subunits. Of note is that such bonds occur in at least a fraction of the envelope glycoprotein complexes of type C retroviruses, such as murine leukemia virus (MuLV) and human T-lymphotropic virus type 1 (HTLV-1) (25, 37, 48, 54, 55, 78, (82) (83) (84) (85) (86) 99) .
Our mutagenesis strategy was guided by our earlier theoretical consideration of which regions of gp120 and gp41 were involved in their association (99) . This analysis had, itself, been influenced by the mutational studies of Helseth et al. (45) . Thus, there is strong mutagenic evidence that the first and last conserved regions of gp120 (C1 and C5 domains) are the contact sites for gp41 (45, 121) . The corresponding sites on gp41 are known with less certainty. However, the positions of cysteine residues available for intermolecular disulfide bond formation in, e.g., the MuLV and HTLV-1 envelope glycoproteins strongly suggested that we should focus our attention on the central region of the gp41 ectodomain, in proximity to the intramolecular disulfide-linked loop (99) . This loop is a conserved feature of retroviral envelope glycoproteins (37, 82) . More recent information on the structure on the gp41 ectodomain supports this choice (8, 16, 19, 116) . Precedent for the introduction of paired cysteine residues leading to the formation of intermolecular disulfide bonds has arisen from studies of HIV-1 gp41 (33) and of other viral envelope glycoproteins (39) .
We therefore substituted single cysteine residues at several different positions in the C1 and C5 regions of gp120, focusing on amino acids previously shown to be important for the gp120-gp41 interaction (Fig. 3A) . Simultaneously, we introduced a second cysteine substitution at several residues near the intramolecular disulfide loop of gp41 (Fig. 3B) . The intent was to identify pairs of cysteine residues whose physical juxtaposition during gp140 processing was such that an intermolecular disulfide bond would form spontaneously. In all, 53 different double-cysteine substitution mutants were generated in the context of the JR-FL gp140 WT protein and then coexpressed with furin by transient transfection of 293T cells ( Fig. 4 and 5 ).
An initial analysis of the transfection supernatants by antigen capture ELISA indicated that all the gp140 mutants were efficiently expressed as secreted proteins, except those which contained a cysteine at residue 495 of gp120 (data not shown). We next characterized the secreted proteins by immunoprecipitation with the anti-gp120 MAbs 2G12 and F91 followed by SDS-PAGE. In this procedure, the envelope glycoproteins were eluted from the beads by boiling for 5 min in SDS-PAGE loading buffer, in the absence of any reducing agent such as DTT. In addition to the 120-kDa band (gp120), a second band of approximately 140 kDa (gp140) was precipitated by 2G12 and F91 from most of the double-cysteine mutant transfection supernatants (Fig. 4) . This was not always the case, however, as exemplified by the A497C/W610C mutant, for which no 140-kDa band was visible (Fig. 4 , lanes 9 and 10). There was some variation in how far the 140 kDa proteins from the different mutants migrated on the SDS-PAGE gels. For example, the V36C/W596C and T499C/T605C mutants were particularly slow moving (lanes 7 and 8 and lanes 11 and 12, respectively). The presence of diffuse bands with reduced mobility on SDS-PAGE gels is probably indicative of incomplete or improper envelope glycoprotein processing (25, (27) (28) (29) (30) 79) . High-molecular-weight aggregates similar to those in Fig. 2 were present in the immunoprecipitates of most of the double-cysteine mutants (data not shown, but see Fig. 10 ).
To determine which among the double-cysteine mutants was the most suitable for further analysis, we determined the relative intensities of the 140 and 120-kDa bands derived after immunoprecipitation of each mutant by MAb 2G12 followed by SDS-PAGE and densitometry (Fig. 5) . We sought the mutant that produced the highest fraction of gp140 in relation to the total amount of secreted gp120 plus gp140 (i.e., the highest ratio of gp140 to gp140ϩgp120). Our interpretation was that such a mutant would have the most efficient formation of the intermolecular disulfide bond, while producing a 140-kDa protein that was reactive with a potently neutralizing anti-gp120 MAb.
Among the double-cysteine mutants, the one that most efficiently produced a 2G12-precipitable gp140 protein was a protein containing cysteine substitutions at alanine-501 of gp120 and threonine-605 of gp41 (A501C/T605C) (Fig. 5 ). Of note is that this protein migrated on SDS-PAGE gels as a discrete gp140 band with a mobility identical to that of the uncleaved gp140 protein from JR-FL (Fig. 4 , compare lanes 13 and 14 with lane 15). The A501C/T605C mutant was the only one to have this property among the double cysteine mutants that we tested, a finding which suggests that a properly folded and processed gp140 protein is produced. Below, we refer to the A501C/T605C double cysteine mutant as the SOS gp140 protein.
Characterization of the SOS gp140 protein. We verified that the SOS gp140 protein was indeed stabilized by an intermolecular disulfide bond by boiling the 2G12-immunoprecipitated proteins with SDS and DTT prior to gel electrophoresis; under these conditions, only a 120-kDa band was detected ( Taken together, the data imply the presence of a covalent bond between the gp120 moiety and the gp41 ectodomain of the SOS gp140 protein that is sensitive to the presence of a reducing agent, i.e., a disulfide bond. In contrast, the 140-kDa bands produced from the gp140 NON (gp140 WT without furin) and gp140 UNC proteins were unaffected by boiling in the presence of DTT (Fig. 6A , lanes 5 and 6). In these two proteins, the gp120 and gp41 ECTO subunits are attached via the uncleaved peptide bond, which is unaffected by reducing agents.
As noted above, SDS-PAGE gels revealed that the mobility and sharpness of the 140-kDa band derived from the SOS gp140 protein was indistinguishable from those of the bands derived from the gp140 NON and gp140 UNC proteins (Fig. 6A,  lanes 1 to 3) . We also confirmed that cotransfection of furin was important for the correct formation of the SOS gp140 protein. Thus, in the absence of furin, the 140-kDa band was unaffected by boiling the immunoprecipitated proteins in the presence of DTT, suggesting that an uncleaved peptide bond still links the gp120 and gp41 ECTO subunits (Fig. 6B, compare  lanes 3 and 4) .
Mutants containing only one of the two cysteines present in the SOS gp140 protein (gp140 mutants A501C and T605C) were also evaluated by RIPA with the 2G12 MAb (Fig. 6C) . The A501C mutant produced no 140-kDa protein, and the T605C mutant produced a little, but the resulting ratio of gp140 to gp140 ϩ gp120 was much lower with this mutant than with the SOS gp140 protein (Fig. 6C, compare lanes 1 and 3) . Furthermore, the 140-kDa band derived from the T605C mutant had a lower mobility than the corresponding band from the SOS gp140 protein and probably represents a misfolded species (Fig. 6C, lane 3) . Overall, this study with single cysteine substitutions provides further evidence that the 140-kDa band from the double-cysteine mutants is due to the formation of an intermolecular disulfide bond between gp120 and the gp41 ectodomain.
Attempts to improve the efficiency of disulfide bond formation in the SOS gp140 protein. Although disulfide-stabilized gp140 proteins are secreted from cells expressing the SOS gp140 mutant, there is also significant production of gp120 monomers (Fig. 4 and 6 ). This implies that the disulfide bond between gp120 and the gp41 ectodomain forms with imperfect efficiency. We attempted to improve this by introducing additional amino acid substitutions near the inserted cysteines or by varying where the cysteines were positioned in gp120. We retained the gp41 cysteine at residue 605, where it is in the SOS gp140 protein, because this position seemed to be the one at which intermolecular disulfide bond formation was most favored (Fig. 5) .
We first varied the position of the cysteine substitution in gp120, by placing it either N-terminal or C-terminal to alanine-501. The ratio of gp140 to gp140 ϩ gp120 was not increased in any of these new mutants; it remained comparable to, or lower VOL. 74, 2000 DISULFIDE-STABILIZED HIV-1 ENVELOPE PROTEINSthan, the ratio derived from the SOS gp140 protein (Fig. 7 , lanes 1 to 8). Furthermore, there was a decrease in the mobility and sharpness of the gp140 band compared to that derived from the SOS gp140 protein (lanes 1 to 8). Next, we considered whether the bulky, charged side chains of the lysine residues adjacent to alanine-501 might interfere with disulfide bond formation. We therefore mutated either or both of the lysines at positions 500 and 502 to alanines in the context of the SOS gp140 protein, but these changes neither increased the ratio of gp140 to gp140 ϩ gp120 nor affected the migration of gp140 (lanes 9 to 11). Finally, we introduced a second pair of cysteines into the SOS gp140 protein at residues 45 of gp120 and 609 of gp41, since a disulfide bond formed fairly efficiently when this cysteine pair was introduced into the wild-type protein (Fig. 5) . The quadruple-cysteine mutant (W45C/A501C/ T605C/P609C) was, however, poorly expressed, and the gp120 and gp140 bands that were produced both migrated unusually slowly. The same was observed with two other similar mutants (W45C/K500C/T605C/P609C) and (W45C/K502C/T605C/ P609C) (Fig. 7, lanes 12 to 14) . This implies that there may be protein-folding or other expression problems with quadruplecysteine mutants of gp140. Antigenic properties of the SOS gp140 protein. Among the JR-FL env mutants we have yet made, the efficiency of intermolecular disulfide bond formation is apparently the highest in the SOS gp140 protein (A501C/T605C). We therefore characterized the antigenic structure of this protein, by probing its topology with a panel of MAbs to a variety of gp120 and gp41 epitopes (Fig. 8 ). For comparison, we studied the reactivity of the same MAbs with the gp140 NON protein produced when the gp140 WT gene is expressed in the absence of cotransfected furin. The gp140 NON protein still contains a peptide bond between the gp120 and gp140 ECTO subunits (Fig. 6) . Structurally, the gp140 NON protein is essentially identical to the gp140 UNC protein, in which the gp120-gp140 cleavage site has been deliberately replaced by mutagenesis (see Fig. 9 ). As an additional comparator, we used a double-cysteine mutant in which the gp120 cysteine substitution was in the C1 domain, the W45C/T605C gp140 protein (Fig. 8) .
Compared to gp140 NON , the SOS gp140 protein has several antigenic differences that we believe are desirable for a protein intended to mimic the structure of the virion-associated gp120-gp41 complex. These are summarized below.
(i) The SOS gp140 protein is efficiently recognized by the potently neutralizing antibodies IgG1b12 and 2G12 and also by the CD4-IgG2 molecule (Fig. 8A) . Although the RIPA method is not sufficiently quantitative to allow a precise determination of relative affinities, the reactivities of these MAbs and of the CD4-IgG2 molecule with the SOS gp140 protein appear to be substantially greater than with the gp140 NON and gp120 pro- teins. Clearly, the SOS gp140 protein has an intact CD4 binding site. Epitopes in the V3 loop are also accessible on the SOS gp140 protein, as shown by its reactivity with MAbs 19b and 83.1 (Fig. 8A) . There is very little exposure on the SOS gp140 protein of epitopes for MAbs G3-42 and G3-519 (Fig. 8B) . These MAbs bind to the C4 region of gp120, in proximity to the V3 loop and the CD4 binding site, and have neutralizing activity against T-cell-line-adapted but not primary HIV-1 iso- lates (67, 72, 73, 122) . Each of the above MAbs also recognized the gp140 NON and gp120 proteins derived from expression of gp140 WT in the absence of furin (Fig. 8A) . The V3 loop MAbs 19b and 83.1 and the C4-V3 MAb G3-42 bound to the gp140 NON protein more strongly than to the corresponding gp120 (note the relative intensities of the 140-and 120-kDa bands in lanes 10 and 13 of Fig. 8A and lane 7 of Fig. 8B , compared to lanes 1, 4, and 7 of Fig. 8A ). The V3 loop may be unusually well exposed in the uncleaved gp140 protein.
(ii) Conversely, the nonneutralizing anti-gp120 MAbs C11 and 23A did not bind detectably to the SOS gp140 protein (Fig.  8B) . These MAbs recognize epitopes in the C1 and C5 domains, regions of gp120 that are involved in gp41 association and are occluded in the context of a properly formed gp120- gp41 complex (71, 121) . Although the cysteine residue at position 501 of the SOS gp140 protein is located near the epitopes for MAbs C11 and 23A, it did not destroy these epitopes; thus, MAbs C11 and 23A bound efficiently to the gp120 derived from the SOS gp140 protein, which also contains the A501C substitution (Fig. 8B) . In addition, MAb M90, to a discontinuous C1 epitope, bound weakly to gp120 derived from the SOS gp140 protein but not to the SOS gp140 protein itself. M90 did, however, bind to both the gp120 and gp140 components of gp140 WT (data not shown). In contrast to the poor reactivity of the C1-and C5-directed MAbs with the SOS gp140 protein, these MAbs all bound to the gp140 NON and gp120 proteins (Fig. 8B ) and also to gp140 UNC (see Fig. 9 ) (data not shown). This implies that the C1 and C5 regions of gp120 are abnormally accessible when a peptide bond links gp120 with the gp41 ectodomain.
(iii) The induction of the epitope for MAb 17b by the prior binding of sCD4 occurred far more efficiently on the SOS gp140 protein than on the gp140 NON or gp120 protein (Fig. 8C,  compare lanes 5 and 2 with lanes 4 and 1) . Indeed, in the absence of sCD4, there was very little reactivity of 17b with the SOS gp140 protein (lane 2). The CD4-induced epitope for MAb 17b overlaps the coreceptor binding site on gp120 (91); it is considered that this site becomes exposed on the virionassociated gp120-gp41 complex during the conformational changes which initiate virus-cell fusion after CD4 binding (47, 91, 95, 97, 103) . The induction of the 17b epitope on the SOS gp140 protein suggests that the conformation of the gp120 moieties resembles what is present on virions and is not significantly affected by the intermolecular disulfide bond with the gp41 ectodomain. The gp140 NON protein bound 17b constitutively, and although there was some induction of the 17b epitope upon soluble CD4 binding, this was much less pronounced than what occurred with the SOS gp140 protein (Fig. 8C) .
(iv) Another CD4-inducible epitope on gp120 is that recognized by MAb A32 (72, 103) . There was negligible binding of A32 to the SOS gp140 protein in the absence of sCD4, but the epitope was strongly induced by sCD4 binding (Fig. 8C , compare lanes 11 and 8). As observed with 17b, the A32 epitope was much less efficiently induced on the gp140 NON protein than on the SOS gp140 protein (compare lanes 10 and 7).
(v) Neither of the nonneutralizing anti-gp41 MAbs 7B2 and 2.2B recognized the SOS gp140 protein, whereas each bound strongly to the gp140 NON protein (Fig. 8D) . These anti-gp41 MAbs recognize the two major epitope clusters of the gp41 ectodomain, both of which are considered to be occluded by gp120 in the virion-associated gp120-gp41 complex (71, 98) . Similar results were obtained with several other MAbs to these regions, T4, T15G1, and 4D4 (data not shown). The failure of these anti-gp41 MAbs to bind to the SOS gp140 protein is another indication that this protein adopts a configuration similar to that of the native trimer. However, we cannot exclude the possibility that the formation of an intermolecular disulfide bond involving the central region of gp41 perturbs the epitopes for several gp41 MAbs by a different mechanism. The efficient recognition of the gp140 NON protein by several gp41 MAbs is consistent with the view that proteins of this type have an aberrant conformation because of the peptide bond linking gp120 with gp41 (31) .
(vi) In marked contrast to what was observed with the nonneutralizing anti-gp41 MAbs, the neutralizing anti-gp41 MAb 2F5 bound efficiently to the SOS gp140 protein but not detectably to the gp140 NON protein (Fig. 8D, compare lanes 11 and  10) . When the experiment was repeated with a higher concentration of the gp140 WT protein, some 2F5 reactivity could be observed (data not shown). However, when equivalent amounts of the gp140 WT and SOS gp140 proteins were compared, it was found that 2F5 reacted more strongly with the latter (Fig. 8D) . Of note is that the 2F5 epitope is the only region of gp41 thought to be well exposed in the context of native gp120-gp41 complexes (98) . The ability of the SOS gp140 protein to bind 2F5 is again consistent with the view that this protein adopts a configuration similar to that of the native trimer.
We also examined whether sCD4 binding could cause the exposure of other previously occult epitopes in the C1 and C5 regions of gp120 or in several areas of the gp41 ectodomain, as happens when sCD4 induces the shedding of gp120 from gp41 on the native envelope glycoprotein complex (87, 98) . However, we could not detect any increase in the exposure of any other gp41 epitopes on the SOS gp140 protein in the presence of sCD4 (data not shown). This indicates that the presence of the intermolecular disulfide bond prevents gp120 from dissociating from the gp41 ectodomain, despite the conformational changes that are induced in the gp120 moiety upon sCD4 binding.
The antigenic properties of the SOS gp140 protein were compared with those of the W45C/T605C gp140 protein.
Among the set of mutants that contained a cysteine substitution within the C1 domain, this was the most efficient at gp140 formation (Fig. 5) . Although the W45C/T605C gp140 protein reacted well with the 2G12 MAb (Fig. 8A, lane 9) , it bound CD4-IgG2 and IgG1b12 very poorly (lanes 3 and 6). Furthermore, there was little induction of the 17b and A32 epitopes on the W45C/T605C gp140 protein by sCD4, although these epitopes were induced on the gp120 moiety from this mutant (Fig. 8C, compare lanes 6 and 12 with lanes 3 and 9) . There was some reactivity of anti-gp41 MAbs with the W45C/T605C gp140 protein (Fig. 8D) . The anti-gp120 MAbs C11 and 23A recognized neither the gp140 nor the gp120 form of the W45C/ T605C mutant (Fig. 8B) . For the C1-C5-directed MAb C11, this may be due to a direct effect of the W45C substitution on the epitope (75) . Inappropriate protein folding due to the aberrant formation of disulfide bonds in the C1 and C5 regions of gp120 may be an explanation for the lack of 23A reactivity with the W45C/T605C mutant. Taken together with the fact that the gp140 bands from the W45C/T605C protein are diffuse and of relatively low mobility, these results suggest that this mutant has suboptimal antigenic properties. Indeed, the contrast between the properties of the W45C/T605C gp140 protein and the SOS gp140 protein implies that the positioning of the intermolecular disulfide bonds has a significant influence on the antigenic structure of the resulting gp140 molecule.
Comparing the antigenic structures of gp140 NON and gp140 UNC . We next studied the antigenic structure of the gp140 protein produced when the cleavage site between gp120 and gp41 is replaced by mutation (gp140 UNC ), since this type of protein is being used in vaccine-related studies on the grounds that it is oligomeric (27, 90, 110) . We compared gp140 UNC with the gp140 NON and gp120 proteins produced when gp140 WT is expressed in the absence of cotransfected furin (Fig. 9) . The gp140 NON and gp140 UNC proteins could not be distinguished from one another by the reactivity of any of the test MAbs; they are essentially isomorphic. The major differences in antigenic structure between the SOS gp140 protein and the gp140 NON protein that were demonstrated in Fig.  8 therefore also apply to the gp140 UNC protein. Of particular note is the negligible induction of the 17b epitope on the gp140 UNC protein by sCD4 (Fig. 9, compare lanes 6 and 8) , which may help explain why proteins of the gp140 UNC type interact poorly with the CCR5 coreceptor (31) . The aberrant exposure of gp41 in the gp140 UNC and gp140 NON proteins is also clearly revealed (compare Fig. 9, lanes 11 and 12, with Fig.  8D, lane 2) .
Intersubunit disulfide bonds form in SOS gp140
proteins from other HIV-1 isolates. To assess the generality of our observations with gp140 proteins derived from the R5 HIV-1 isolate JR-FL, we generated double-cysteine mutants of gp140s from four other HIV-1 strains. These were the R5X4 viruses GUN-1wt, 89.6, and DH123 and the T-cell-lineadapted X4 virus HxB2. In each case, the cysteines were introduced at the residues equivalent to alanine-501 and threonine-605 of HxB2. The resulting SOS gp140 proteins were precipitated with the 2G12 MAb, in comparison with the gp140 WT proteins from each isolate (Fig. 10) . In general, the results obtained with the GUN-1wt, 89.6, DH123, and HxB2 proteins were very similar to what was observed with JR-FL gp140s. Disulfide-stabilized gp140 proteins could be efficiently expressed from each isolate, as confirmed by the disappearance of the 140-kDa band when the immunoprecipitates were boiled with DTT before being subjected to SDS-PAGE analysis. In each case, the ratio of gp140 to gp140 ϩ gp120 was comparable to or greater than that observed for the JR-FL SOS gp140 protein. One unexpected but advantageous observation was that furin cotransfection significantly increased the secretion of envelope glycoproteins from 89.6 gp140-transfected cells (Fig. 10B, compare lanes 6 and 7 with lane 5) . This may be due to a decrease in the degradation of misfolded proteins when the scissile bond between gp120 and gp41 is correctly cleaved. We do not yet know why this should be an isolate-dependent phenomenon. To some extent, it occurs also with DH123 proteins.
Sucrose gradient analysis of the SOS gp140 and gp140 UNC proteins. The oligomeric state of the secreted gp140 complex cannot be determined by immunoprecipitations of unfractionated supernatants, since the proteins are subsequently denatured by boiling with SDS prior to gel electrophoresis. To obtain information on the size of the gp140 protein complex under nondenaturing conditions, we performed a sucrose velocity gradient analysis on 100-fold concentrates of the proteins secreted from 293T cells transfected with SOS gp140 (JR-FL) and furin or, for comparison, with the gp140 UNC mutant (Fig.  11A) . To detect where various molecular species had migrated on the sucrose velocity gradient, the gradient fractions were immunoprecipitated with MAb 2G12, boiled with SDS, and analyzed by SDS-PAGE.
Three forms of envelope glycoproteins were detected after sucrose gradient fractionation of the SOS gp140 protein (Fig.  11A) . Fractions 23 and 24 contained material of a very high molecular mass, which probably correspond to the aggregates that were noted in RIPA experiments (Fig. 2) . A broad peak containing envelope glycoproteins with a subunit molecular mass of 140 kDa was centered on fraction 20. A second peak containing 120-kDa subunits was present in fractions 17 to 19, separated from the 140-kDa proteins by two fractions, or 1 ml (Fig. 11A) .
When the gp140 UNC protein was analyzed, the very-highmolecular-mass aggregates were again present (fractions 22 to 24), and they were more abundant than with the SOS gp140 protein (Fig. 11B) . This is consistent with what was observed in the immunoprecipitation analysis shown in Fig. 2 . Envelope glycoproteins with a subunit weight of 140-kDa were spread throughout fractions 18 to 24 (Fig. 11B) . The 140-kDa proteins in fractions 22 to 24 were most probably derived from highmolecular-mass aggregates formed when the immunoprecipitates were boiled with SDS before being subjected to SDS-PAGE. The 140-kDa proteins in fractions 19 to 21 migrate in the same position as the 140-kDa components of the SOS gp140 preparation.
We interpret the sucrose velocity gradients to indicate that the SOS gp140 preparation contains monomeric gp120 proteins which peak in fractions 17 and 18, together with oligomeric proteins containing 140-kDa subunits which peak in fractions 19 and 20. Excluding the products of protein aggregation, only the latter proteins are present in the gp140 UNC preparation. From this analysis, we cannot determine the exact molecular mass, and hence the subunit composition, of the oligomeric proteins. However, the fact that they were clearly separated from the 120-kDa gp120 monomers by an approximately 1-ml volume on a standard 5 to 20% sucrose velocity gradient of 8.8 ml (i.e., by a density difference of approximately 1.5% sucrose) indicates that they are probably of several hundred kilodaltons (a 140-kDa monomer would not be separable from a 120-kDa protein under these conditions). This would be consistent with their composition being oligomeric gp120-gp41 ECTO complexes, although this cannot be proven by this type of analysis.
Gel filtration analysis of the SOS gp140 and gp140 UNC proteins. To obtain additional information on the molecular size of the gp140 protein complexes under nondenaturing conditions, we used size exclusion gel filtration chromatography (Fig. 12) . This was performed on concentrates of the proteins secreted from 293T cells transfected with SOS gp140 (JR-FL) plus furin (Fig. 12A) and, for comparison, gp140 UNC (Fig.  12B) . To detect where various molecular species had migrated, the gradient fractions were immunoprecipitated with MAb 2G12, boiled with SDS, and analyzed by SDS-PAGE.
Three forms of envelope glycoproteins were detected after fractionation of the SOS gp140 protein (Fig. 12A) . Fractions 12 to 19 contained material of a high molecular weight, which may again correspond to the aggregates noted in RIPA experiments (Fig. 2) . A broad peak containing envelope glycoproteins with a subunit molecular mass of 140 kDa was centered on fractions 20 and 21. This, we believe, is the oligomeric component of the SOS gp140 protein (see below and also Discussion). A more rapidly migrating peak containing 120-kDa subunits was found in and around fractions 24 and 25; this most probably represents the position of gp120 monomers (Fig. 12A) .
When the gp140 UNC protein was analyzed, the very-highmolecular-weight aggregates were again present (fractions 12 to 19), and they were more abundant than was observed with the SOS gp140 protein (Fig. 12B) . This is consistent with the immunoprecipitation analysis in Fig. 2 . Envelope glycoproteins with a subunit weight of 140 kDa were spread throughout fractions 15 to 23, with an apparent peak around fractions 15 and 16 (Fig. 12B) . The aggregates in fractions 12 to 18 are probably derived from the unfolding of gp140 and the intermolecular association of hydrophobic gp41 moieties when the immunoprecipitates are boiled with SDS before being subjected SDS-PAGE. Of note is that the gp140 proteins in fractions 20 and 21 migrate in the same position as the 140-kDa components of the SOS gp140 preparation. The radiographs shown in Fig. 12A and B were scanned to determine the density of each band (Fig. 12C) . We estimate that approximately 40 to 50% of the nonaggregated protein in the SOS gp140 protein is in the higher-molecular-weight form, with the rest being gp120.
The positions of the protein standards thyroglobulin (669 kDa), ferritin (440 kDa), and aldolase (158 kDa) are also indicated (Fig. 12C) . Note that the monomeric gp120 protein migrates more rapidly, and hence appears to be of higher molecular mass, than a standard, globular protein of 158 kDa, aldolase. However, the higher-molecular-mass, oligomeric component of the SOS gp140 protein migrates more slowly, and so appears to be of lower molecular mass, than the 440-kDa ferritin standard (Fig. 12C) . The unusually abundant glycosylation of the HIV-1 envelope glycoproteins is likely to affect their biophysical properties and limit the value of comparisons with traditional protein molecular weight standards.
DISCUSSION
Our goals are to make a recombinant HIV-1 envelope glycoprotein with antigenic properties mimicking those of the native, trimeric gp120/gp41 complex found on virions or virusinfected cells and then evaluate whether such a protein might be a useful component of a multivalent HIV-1 vaccine. We believe we have accomplished the initial phase in creating the SOS gp140 protein. Whether this protein will be a superior immunogen to gp120 monomers, gp140 proteins with a peptide linkage retained between the gp120 and gp41 ECTO moieties, or full-length gp160, remains to be determined. We believe that the disulfide bridge in the SOS gp140 protein should provide sufficient stability for this to be a practical immunogen, considering that the 140-kDa band survives boiling and SDS treatment during PAGE analysis.
There were two technical steps necessary for the generation of the SOS gp140 protein. The first was the use of cotransfected furin to increase the efficiency with which a secreted gp140 protein is proteolytically processed into gp120 and gp41 ECTO moieties. The second was the introduction of a disulfide bond, at an appropriate position, to cross-link the gp120 subunit to the gp41 ectodomain and thereby increase its stability. During the synthesis of envelope glycoproteins in HIV-1-infected cells, trimerization of the gp41 moieties in the context of the gp160 precursor precedes the cleavage of the peptide bond linking gp120 to gp41 (25, 79) . The cleavage step is mediated by proteases of the furin family (25, 41, 76) . This step is inefficient, but unprocessed gp160 is generally sorted intracellularly into the lysosomal pathway, and little or no uncleaved gp160 is incorporated into virions (25, 26, 60, 119) . However, when the HIV-1 env gene is expressed at high levels in mammalian cells, uncleaved gp160 cleavage can be found at the cell surface, perhaps because the natural cellular complement of furin proteases is saturated or because of differences in how gp160s are routed in infected and transfected cells (60, . These differences may be exacerbated when soluble rather than membrane-associated proteins are expressed, as is the case with gp140s. For whatever reason, when we expressed the JR-FL gp140 WT gene in 293T cells, only a fraction of the secreted gp140 proteins were properly cleaved to gp120 and gp41 ECTO subunits. This problem was overcome by the exogenous supplementation of furin via transfection, a device previously used to increase the efficiency of Ebola virus envelope glycoprotein proteolytic processing (114) and one that may have general relevance for vaccine development. Furin transfection did, however, reduce the extent of envelope glycoprotein expression (except with 89.6 and perhaps DH123), perhaps because of competition between plasmids for protein translation. Careful optimization of the furin content of permanent cell lines will be required when scaling up the production of the SOS gp140 protein.
The solution to the first problem created the second: the properly processed gp120 and gp41 ECTO subunits are only weakly associated by noncovalent interactions. Consequently, the gp120 moieties are rapidly shed as the complex disassembles (38, 61, 70) . To overcome this, we considered whether we could modify the gp120 or gp41 primary sequences to increase the strength of the noncovalent interaction between the subunits. However, in the absence of detailed information on the structure of the gp120-gp41 interactive sites, there was no good way to predict what amino acid substitutions might work. Indeed, most of the substitutions in relevant regions of gp120 and gp41 that have been described in the literature actually weaken rather than strengthen the intersubunit association (17, 20, 45) . We therefore focused on a second strategy: the stabilization of the gp120-gp41 interaction by the formation of an intersubunit disulfide bond between cysteine residues introduced into appropriate positions within gp120 and gp41.
We found that the precise positioning of the two cysteine residues introduced into gp120 and gp41 was important. Of the many double-cysteine mutants that we evaluated, the SOS gp140 protein (A501C/T605C) had the highest efficiency of disulfide bond formation, the fewest indications of poor folding, and the most favorable antigenic properties. In this protein, the cysteine substitution in gp120 is at a residue previously shown to be critical for any association of gp120 with gp41 (45) . The N-and C-terminal ends of gp120 probably assume disordered, flexible conformations, a factor which provoked their deletion from the crystallized gp120 core fragment (51, 122) . The flexibility of these regions may explain why so many different cysteine substitutions of residues near the gp120 N and C termini permitted at least some disulfide linking to gp140. However, several such mutants were associated with smearing of gp140 bands on SDS-PAGE gels, suggesting that an imperfectly positioned disulfide bond does have some negative effects on envelope glycoprotein folding.
The corresponding substitution in gp41 is at a location exactly equivalent to where a cysteine residue is naturally positioned in the transmembrane glycoproteins of many retroviruses, including MuLV and HTLV-1 (37, 82, 99) . This cysteine is immediately C-terminal to a small loop bounded by an intramolecular disulfide bond that is a common feature of retrovirus and lentivirus transmembrane glycoproteins (37, 82) . On intuitive grounds, we postulated that this region of HIV-1 gp41 was involved in gp120 binding (99) ; the additional cysteine present in other retroviruses probably accounts for the disulfide bond that can sometimes form between the surface and transmembrane glycoproteins (25, 54, 55, 78, (83) (84) (85) (86) . There may be a conserved mechanism of subunit association among many viral families, sometimes with the involvement of a disulfide bond and sometimes not (36, 37, 99, 124) . The crystal structure of the major fragment of the gp41 ectodomain in its postfusion conformation reveals that the C-terminal helix of the gp41 trimeric coiled coil is positioned antiparallel to, and stacked on the outside of, an N-terminal trimer (19, 101, 116) . This implies that the cysteine residue substituted for alanine-605 protrudes outward in the postfusion conformation of gp41. The crystal structures of the TM glycoproteins of other viruses, such as MuLV and Ebola virus, also show that the region near the intramolecular disulfide-bonded loop is solvent accessible (16, 33a, 57a, 117) . At present, the conformation of the prefusion form of the gp41 ectodomain is unknown, but presumably alanine-605 must also protrude in this form of the protein since the cysteine residue substituted at VOL. 74, 2000 DISULFIDE-STABILIZED HIV-1 ENVELOPE PROTEINSthis position is available for disulfide bond formation with cysteine-501 of gp120. In the correctly folded, prefusion form of the gp120-gp41 complex, these two residues must be sufficiently proximal for disulfide bond formation to be possible. If and when the prefusion form of the gp41 ectodomain is crystallized, the exact positioning of alanine-605 will be revealed. Although we can clearly make a gp140 protein in which the gp120 and gp41 ECTO moieties are stabilized by an intermolecular disulfide bond, the formation of the disulfide bond occurs with imperfect efficiency. Thus, only a fraction (perhaps 40 to 50%) of the envelope glycoprotein complexes secreted from 293T cells expressing the A501C/T605C double cysteine mutant in the presence of furin are in the form of the SOS gp140 protein (Fig. 12C) . The remaining proteins are present as gp120 monomers. This reflects inefficient formation of the intermolecular disulfide bond in the transfected 293T cells, rather than a lability of this bond once it has formed; the gp120 subunit still remains attached to the gp41 ectodomain even when the SOS gp140 protein is boiled in SDS and partially denatured, indicating that the intermolecular disulfide bond is quite stable. Preliminary studies of a permanent CHO cell line show that these cells secrete essentially only disulfide-stabilized SOS gp140 proteins, with virtually no gp120 moieties being present (data not shown). The efficiency of intermolecular disulfide bond formation is probably cell type dependent.
Biophysical analyses showed that the SOS gp140 protein has a higher molecular weight than monomeric gp120. It also differs in its biophysical properties from uncleaved gp140. However, we have not yet determined whether the SOS gp140 protein contains three gp41 ectodomains, each linked to a gp120 moiety via a disulfide bond, or whether only one or two gp120s are successfully attached to trimerized gp41 subunits. A mixture of molecular species may be present. Additional studies of SOS gp140 proteins purified from a permanent cell line are necessary to address these issues.
We are, however, encouraged by the antigenic properties of the SOS gp140 protein; it has a MAb reactivity pattern that is consistent with what has been learnt from prior studies of the native trimer and of the relationship between MAb binding and HIV-1 neutralization (34, 71, 72, 98, 102, 106, 115) . Thus the most commonly exposed regions on the gp120 moiety of the SOS gp140 protein correspond to neutralizing-antibody epitopes. These include areas near the CD4 binding site (e.g., the binding sites for MAb IgG1b12 and the CD4-IgG2 molecule), the C3-V4 glycan-dependent epitope for MAb 2G12, the V3 loop, and, in the presence of sCD4, the CD4-induced epitope for MAb 17b that overlaps the coreceptor binding site. For some MAbs, notably 2G12, the reactivity with the SOS gp140 protein is better than with the gp120 monomer. MAbs to nonneutralizing epitopes in the C1 and C5 domains do not bind to the SOS gp140 protein, although they recognize the uncleaved gp140 proteins quite efficiently because of the abnormal conformation conferred upon the gp120 moiety when the gp41 ectodomain is attached via a peptide bond.
Some MAbs to CD4-binding site and V3 loop epitopes (e.g., F91 and 19b) do, however, bind efficiently to the SOS gp140 protein while lacking strong neutralization activity against HIV-1 JR-FL. The binding of the nonneutralizing A32 MAb to the SOS gp140 protein in the presence of sCD4 is another example. The ability of weakly neutralizing MAbs to bind to native envelope glycoprotein complexes on the cell surface has been described previously (35) . Factors such as the on-rate may be important in determining precisely which MAbs to closely related epitopes do (e.g., IgG1b12) and do not (e.g., F91) neutralize HIV-1. Kinetic parameters might not be identical in RIPA and neutralization assays, in that the slow binding of some MAbs to the native trimer might be rapid enough to be detectable in a binding assay yet too slow to be able to interfere with virus attachment and entry in a neutralization assay. There may also be differences in the rates at which neutralizing antibodies bind to soluble and membrane-associated forms of the same protein complex.
On the gp41 moiety of the SOS gp140 protein, only the epitope for the neutralizing MAb 2F5 is accessible. Nonneutralizing gp120 and gp41 antibody epitopes components are not exposed on the SOS gp140 protein, just as they are inaccessible on native trimers (71, 98) . However, we cannot rule out the possibility that the occlusion of the nonneutralizing gp41 epitopes is a direct consequence of the formation of the intermolecular disulfide bond. The almost complete occlusion of the CD4-induced epitope on the SOS gp140 protein in the absence of CD4, combined with its substantial induction upon CD4 binding, is consistent with how the gp120 moieties in a native trimer are thought to be arranged (122) . In this conformation, the CD4-induced epitopes are partially covered by the V1/V2 and V3 loop structures and partially occluded by interactions between the individual gp120 components of a trimer. In the gp120 monomer, the occlusion of the CD4-induced epitopes is only partial (105, 122, 123) , and we observed this to be the case also in the uncleaved gp140 proteins. Thus the MAb reactivity patterns of the SOS gp140 protein are, in general, consistent with its existing as a native, oligomeric structure. We believe that the SOS gp140 protein is in a prefusion conformation, judged by the dramatic induction of the 17b epitope upon sCD4 binding.
The above properties of the SOS gp140 protein contrast markedly with the antigenic structure of gp140 proteins that retain the peptide bond between gp120 and the gp41 ectodomain. Proteins of this category have not, to date, been significantly superior to gp120 monomers as immunogens (27, 90, 110) . This may be because they do not properly mimic the structure of the native trimer, as indicated by their limited ability to interact with coreceptors (31); it is probably not the ability of a protein to oligomerize that most strongly influences its immunogenicity, but its overall structure. The acid test of the value of our work to vaccine development will come from immunogenicity studies, the outcomes of which are inherently unpredictable. The preservation of the best neutralizing-antibody epitopes on the SOS gp140 protein (those for MAbs IgG1b12, 2G12, and 2F5), combined with the elimination of irrelevant epitopes, might be valuable for focusing the humoral immune response.
It may, however, be found necessary to further modify the antigenic structure of the SOS gp140 protein to improve its immunogenicity, for example by removing some of its glycan residues or variable loops (18, 89) . In preliminary studies, we have found that such modifications can be made to the SOS gp140 protein without having significant effects on the efficiency of intermolecular disulfide bond formation (R. Sanders, F. Kajumo, A. Master, L. Schiffner, T. Dragic, J. P. Moore, and J. M. Binley, unpublished results). The ability of the SOS gp140 protein to bind soluble CD4 and undergo relevant conformational changes allows a further way to explore its immunogenicity, i.e., as an sCD4 complex (49) . It may also be possible to make full-length, membrane-bound versions of the SOS gp140 protein by restoring the transmembrane domain. Such a protein, expressed in the context of a DNA plasmid or a live recombinant virus vector, might be useful for priming the immune system prior to boosting with a soluble version.
That the A501C/T605C double cysteine substitution works in the context not only of HIV-1 JR-FL but also with several other primary and T-cell-line-adapted subtype B isolates (Gun-1wt, DH123, 89.6, and HxB2) suggests that the method will be generally useful for generating stable trimers. We are presently making similar mutants derived from HIV-1 subtype C isolates. Thus, if the SOS gp140 mutant, or antigenic variants thereof, does induce superior neutralizing-antibody responses in small-animal models, its overall utility as a vaccine antigen could be evaluated in monkey models by using homologous and heterologous SHIVs as challenge viruses (24, 53) . It may also be possible to make SOS gp140 proteins derived from SIV mac or other lentiviruses, given the likely similarity of the gp120-gp41 association among retroviruses (99) . This could have useful implications for the development of vaccines against retroviruses in general and perhaps other viral families as well.
